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Abstract 

The  technical  literature,  including  datasheets  from  battery  manufacturers,  is  reviewed  to  identify  the  major  characteristics  of  capacity  fade: 
impedance  growth  and  capacity  loss.  Impedance  growth  is  significant  at  both  the  positive  and  negative  electrodes,  though  capacity  fade  loss 
due  to  SEI  growth  is  usually  attributed  to  the  negative.  Techniques  for  accelerated  life  testing  are  summarized.  Simple  models  are  used  to 
describe  mechanisms  for  capacity  loss  at  the  negative.  Finally,  numerical  simulations  are  used  to  explore  the  effect  of  porous  electrodes  on 
fade  behavior. 
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1.  Introduction 

Capacity  fade  refers  to  the  loss  in  discharge  capacity  that  a 
battery  demonstrates  over  time.  The  loss  in  discharge  capacity 
occurs  whether  the  battery  is  inactive  (so-called  “calendar 
life”  losses)  or  exercised  (“cycle  life”  losses).  The  capacity 
loss  can  consist  of  irreversible  and  reversible  components. 
Reversible  capacity  loss,  called  “self-discharge”,  can  be 
recovered  by  charging  the  battery.  Irreversible  capacity  loss 
is  associated  with  degradation  of  the  battery  and  cannot  be 
recovered.  The  amount  of  irreversible  capacity  considered 
acceptable  depends  on  the  application  of  the  battery. 

The  acceptable  amount  of  irreversible  capacity  loss  varies 
widely  depending  on  the  application.  In  consumer  electro¬ 
nics,  such  as  personal  computers  and  cellular  phones,  bat¬ 
teries  are  typically  expected  to  last  a  year  or  two.  So,  an 
irreversible  capacity  loss  of  >20%  over  1-2  years  would  be 
acceptable  for  batteries  used  in  many  small,  portable  elec¬ 
tronic  devices.  On  the  other  hand,  a  satellite  battery  might  be 
required  to  retain  80%  of  its  initial  capacity  after  18  years  or 
more.  Automakers  [1]  have  set  a  15  years  life  as  a  goal  for 
batteries  in  hybrid  and  full  electric  vehicles.  Utility  load 
leveling  and  telecommunications  back-up  batteries  also 
require  long  lives.  As  commercial  lithium-ion  technology 
is  only  1 1  years  old,  and  is  evolving  at  a  rapid  pace,  there 
are  no  data  available  on  the  capacity  fade  of  lithium-ion 
batteries  over  such  extended  periods.  Nor  is  it  practical  to 
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carry  out  real-time  testing  of  batteries  to  qualify  them  for 
aerospace  or  automotive  applications.  Thus,  there  is  interest 
in  developing  accelerated  test  methods  as  well  as  models 
based  on  a  physical  understanding  of  the  causes  of  capacity 
fade.  An  earlier  review  [2]  categorized  possible  causes  of 
capacity  fade;  in  contrast,  this  review  describes  work  done  to 
characterize  capacity  fade,  methods  for  accelerated  testing, 
and,  lastly,  models  for  capacity  fade. 


2.  Manufacturer’s  information  on  capacity  fade 

Over  the  years,  many  battery  manufacturers  have  reported 
cycle  life  data  and  some  have  even  reported  calendar  life 
data.  Fig.  1  highlights  the  features  of  a  very  general  capacity 
versus  cycle  number  plot.  The  shape  is  reminiscent  of  a 
discharge  curve  (voltage  versus  capacity),  and  necessarily 
so.  The  rate  of  capacity  decrease  is  initially  high  (region  A), 
but  slows  quickly  (region  B)  and,  after  a  few  hundreds  of 
cycles,  slows  again  (region  C)  before  starting  a  rapid 
increase  (region  D).  End  of  life,  defined  as  when  the  battery 
reaches  80%  of  its  initial  capacity,  usually  occurs  in  region 
C,  so  battery  manufacturers  do  not  publicly  report  data  for 
region  D.  The  capacity  fade  from  regions  A  through  C  is 
often  indistinct  and  so  approximated  as  linear  and  expressed 
in  terms  of  percentage  capacity  loss  per  cycle.  Fig.  2  shows 
typical  voltage  curves  for  charge  and  discharge  [3].  As  the 
cell  cycles,  the  ohmic  resistance  increases  pushing  the 
discharge  curve  down  to  lower  voltages  and  the  charge 
curve  up  to  higher  voltages.  As  a  consequence,  the  4.2  V 
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Fig.  1 .  General  shape  for  capacity  versus  cycle  number  plots. 
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Fig.  2.  Effect  of  cycle  number  on  charge/discharge  voltage  profile  [3]. 


limit  on  charge  is  reached  earlier  in  the  charge  step  and  more 
time  is  spent  at  4.2  V.  Referring  to  Fig.  2,  after  200  cycles,  a 
cut-off  voltage  on  discharge  of  3.0  V  gives  1.08  Ah  versus 
1.18  Ah  for  a  cut-off  voltage  of  2.5  V,  whereas,  after  10 
cycles  there  is  no  significant  difference  in  discharge  capacity 
for  the  two  cutoff  voltages.  Pure  ohmic  drop  does  not 
account  for  all  the  capacity  loss  on  cycling  as,  at  the  end 
of  discharge,  the  curve  shows  a  characteristic  drop  indicat¬ 
ing  depletion  of  active  material.  Fig.  3  shows  a  typical  shape 
for  calendar  life  (capacity  versus  time)  data  that  is  reported 
by  battery  manufacturers.  As  time  proceeds,  the  rate  of 
capacity  loss  decreases.  The  capacity  loss  during  calendar 
life  testing  exhibits  reversible  and  irreversible  components. 
Part  of  the  capacity  loss  can  be  recovered  by  charging  the 


Fig.  3.  Typical  capacity  versus  time  for  storage  test. 


cell;  however,  the  shape  of  the  capacity  retention  versus  time 
(Fig.  3)  is  similar  regardless  of  whether  capacity  refers  to 
capacity  after  storage  (both  irreversible  and  reversible  loss) 
or  capacity  after  storage  and  charging  (irreversible  loss 
only). 

Sony  Corporation,  which  was  the  first  to  commercialize 
lithium-ion  technology  in  1991,  has  introduced  many  dif¬ 
ferent  types  of  lithium-ion  batteries  over  the  years.  Sony 
originally  produced  lithium-ion  cells  with  negative  electro¬ 
des  consisting  of  hard  carbon  and  positive  electrodes  con¬ 
sisting  of  lithium  cobalt  oxide.  Later  Sony  added  cells  with 
graphite  negatives  and  even,  at  one  time,  offered  a  cell  with  a 
LiNi02  positive.1  Sony  offers  cells  in  cylindrical,  prismatic, 
and  soft  packages.  For  all  the  cell  types  the  range  of  capacity 
loss  at  500  cycles  varies  from  12.4%  (US  18650,  LiCo02/ 
hard  carbon)  to  24.1%  (US18650G3,  LiCo02/graphite), 
corresponding  to  an  average  capacity  loss  per  cycle  range 
of  0.025-0.048%  per  cycle.  Flowever,  for  each  of  the  cells, 
only  a  single  data  set  was  given,  so  it  is  not  possible  to  gauge 
how  significant  the  differences  are  between  the  cell  types.  In 
a  Sony  technical  manual,  the  range  of  capacity  loss  for  the 
US18650  cell  type  at  500  cycles  varies  from  ~10  to  18%  [4], 
Cycle  life  results  extracted  from  NEC  Moli  (now  obsolete) 
datasheets  suggest  that  cobalt  oxide  cells  provides  lower 
capacity  fade  than  manganese  oxide  cells.  Data  extracted 
from  Panasonic  datasheets  indicate  that  graphite  cells  can  be 
made  with  the  low  levels  of  capacity  loss  obtained  with  Sony 
hard  carbon  cells;  the  Panasonic  data  also  suggest  there  are 
no  significant  differences  in  capacity  loss  between  prismatic 
and  cylindrical  cells. 

Sony  has  reported  the  effect  of  state-of-charge  (SOC)  on 
irreversibility  capacity  loss  at  20  and  40  °C  (see  Table  1)  [4], 
The  irreversible  capacity  loss  increases  dramatically  with 
increasing  SOC  and  with  increasing  temperature;  when 
stored  at  40  °C  and  100%  SOC  the  battery  loses  ~30% 
of  its  initial  capacity  in  1  year.  In  view  of  the  cycling  data 
(Table  1)  these  results  indicate  that  the  irreversible  capacity 
loss  due  to  storage  (11%  after  0.25  years  at  20  °C)  is 
comparable  to  the  capacity  loss  due  to  cycling  (12%  after 
500  cycles,  ~0.3  years  at  23  °C). 

Toshiba’s  literature  [5]  has  provided  capacity  fade  on 
cycling  and  on  storage  for  their  LiCo02/graphite  chemistry. 
On  cycling,  the  fade  rate  is  0.024%  per  cycle  or  12%  after 
500  cycles  (which  takes  ~0.2  years)  at  20  °C.  On  storage  at 
4.2  V,  the  capacity  loss  appears  to  be  linear  with  time  and 
increases  with  increasing  temperature.  At  20  °C  after  3 
months,  the  irreversible  capacity  loss  is  only  about  3%, 
so  the  capacity  loss  due  to  storage  is  small  relative  to  loss 
due  to  cycling.  These  data,  with  LiCo02/graphite  cells,  are 
very  different  than  the  Sony  data  with  LiCo02/hard  carbon 
cells  where  storage  losses  are  much  greater  than  cycling 
losses.  Toshiba’s  literature  gives  the  irreversible  capacity 
loss  versus  time  at  20,  40  and  60  °C.  The  slopes  of  the 
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Table  1 

Irreversible  loss  of  discharge  capacity  for  Sony  US18650  cells  after  storage 
for  1  year  (estimated  from  charts)  [3] 

State-of-charge  Years  at  20  °Ca  Years  at  40  °Ca 

0.25  0.5  1.0  0.25  0.5  1.0 

0%  (-3.2  V)  0  0  0  0  0  0 

50%  (-3.85  V)  5  6  6  6  10  11 

100%  (-4.2  V)  11  14  17  19  26  30 

a  Irreversible  capacity  loss  (%). 

irreversible  capacity  loss  versus  time  plots  follow  Arrhenius 
behavior,  so  Toshiba’s  data  can  be  expressed  as 

(— 40498  \ 

8~31437T  (1) 

where  T  (K)  is  the  temperature  and  t  (months)  the  time.  The 
magnitude  of  the  activation  energy  (40.5  kJ/mol)  indicates 
that  a  chemical  process  is  responsible  for  the  capacity  fade. 
Eq.  (1)  is  an  example  of  time/temperature  superposition;  it 
can  be  used  to  estimate  calendar  life  (80%  capacity  loss)  of 
21  months  at  20  °C  even  though  data  are  only  available  for  a 
6  months  period. 

Panasonic  [6]  gives  charts  of  cycle  life  at  20  °C,  and 
storage  characteristics  at  20  °C  and  10  months  for  LiCo02/ 
graphite  cells.  For  the  CGP30486  Prismatic  Cell  (January 
2000  datasheet),  the  nominal  capacity  is  630  mAh  and  the 
recommended  charge  condition  is  constant  voltage/constant 
current,  4.1  V,  420  mA,  2  h,  20  °C.  After  500  cycles,  the  cell 
loses  ~19%  of  its  initial  capacity.  After  storage  for  2  months 
in  the  initially,  fully  charged  condition,  about  7%  of  the 
initial  capacity  is  lost  to  self-discharge,  and,  after  6  months, 
about  10%  of  the  initial  capacity  is  lost.  However,  all  of  the 
capacity  lost  on  storage  is  recoverable,  even  up  to  10  months, 
confirming  Toshiba’s  result  that  the  irreversible  capacity  loss 
due  to  storage  is  small  relative  to  the  loss  due  to  cycling  for 
LiCo02/graphite  cells. 

Plots  of  log(DOD)  versus  cycle  number  are  linear  for 
many  aqueous  battery  systems  [7],  but  lithium-ion  manu¬ 
facturers  have  not  published  similar  data  except  for  some 
results  from  Toshiba  concerning  lithium-ion  button  cells  that 
show  linear  behavior  from  20  to  100%  DOD  [8]. 

In  summary,  the  data  from  lithium-ion  battery  manufac¬ 
turers  indicates  that  lithium-ion  cells  with  a  cycle  life  of  500 
cycles  can  be  produced  regardless  of  shape  (cylindrical, 
rectangular,  soft  packaging)  or  chemistry  (LiCo02,  LiNi02, 
LiMn204,  graphite,  hard  carbon).  Calendar  life  is  adversely 
affected  by  storage  in  a  charged  state  or  at  earlier  ambient 
temperatures.  Cycling  a  LiCo02/graphite  cells  causes  capa¬ 
city  fade  beyond  that  expected  from  calendar  life  losses  alone. 


3.  Published  studies  of  capacity  fade 

A  number  of  studies  have  been  published  that  characterize 
the  capacity  fade  behavior  of  commercial  cells. 


Johnson  and  White  [9]  cycled  a  number  of  commercial 
cells  and  verified  manufacturer’s  claims  of  cycle  life.  The 
Sony  18650  cell  (LiCo02/hard  carbon)  was  charged  using  a 
CC/CV  condition  of  1.0  A  to  4.2  V  for  2.5  h  (instead  of  the 
3  h  reported  by  Sony)  and  they  found  a  12%  capacity  loss 
after  1000  cycles  (versus  12%  at  500  cycles  reported  by 
Sony,  see  Table  1). 

Tobishima  et  al.  [10]  examined  the  capacity  retention  of 
commercial  Sony  18650  cells  (1.2  Ah  capacity,  LiCo02/ 
hard  carbon).  In  one  set  of  experiments,  cells  were  stored 
under  one  of  four  conditions  (20  or  60  °C  and  potentiosta- 
tically  at  4. 1  or  4.2  V)  for  a  period  of  1  year,  during  which 
the  capacity  was  determined  monthly.  For  each  storage 
condition,  a  semi-log  plot  of  capacity  (determined  with  a 
1  A  discharge)  versus  log(storage  duration)  produced  a 
linear  relationship.  Extrapolation  of  the  line  to  10  years 
indicated  that  the  cells  stored  at  20  °C  retained  64%  (4.2  V) 
and  80%  (4.1  V)  whereas  the  cells  stored  at  60  °C  retained 
33%  (4.2  V)  and  37%  (4.1  V).  These  results  indicate  there  is 
an  interaction  between  temperature  and  SOC;  at  low  tem¬ 
perature,  increasing  SOC  strongly  increases  irreversible 
capacity  loss,  while  at  high  temperature,  increasing  SOC 
only  slightly  increases  irreversible  capacity  loss.  They  also 
examined  capacity  fade  in  cells  charged  to  4.2  V  and  allowed 
to  stand  at  20  or  60  °C.  These  cells  lost  capacity  during 
storage;  after  12  months  at  20  °C,  cell  had  77%  of  initial 
capacity  and  the  capacity  increased  to  82%  on  charging  (this 
agrees  very  well  with  Sony’s  data,  see  Table  1),  whereas  a 
cell  stored  at  60  °C  had  50%  of  its  initial  capacity,  increasing 
to  60%  after  charging.  Although  the  data  are  not  directly 
comparable,  the  interaction  between  voltage  and  tempera¬ 
ture  reported  by  Tobishima  et  al.  [10]  (higher  cell  voltage 
increase  capacity  loss  less  at  elevated  temperature  than  at 
20  °C)  does  not  agree  with  the  Sony  data  [4]  that  indicates 
the  opposite  effect  (higher  cell  voltage  increases  capacity 
loss  more  at  higher  temperature  than  at  20  °C). 

Wu  et  al.  [11]  used  a  reference  electrode  in  an  18650-size 
cell  to  measure  the  impedance  of  both  the  positive  (cobalt 
oxide)  and  negative  (graphite)  during  cycling.  They  found 
the  impedance  of  the  positive,  which  was  initially  about 
twice  that  of  the  negative,  nearly  doubled  after  100  cycles 
whereas  the  negative  impedance  increased  only  slightly. 

Zhang  et  al.  [12]  cycled  Sony  18650  lithium-ion  cells 
(US18650S),  then  removed  and  characterized  the  individual 
electrodes  using  cyclic  voltammetry,  ac  impedance,  and 
electron  probe  microscopic  analysis  (EPMA).  Nyquist  plots 
obtained  for  full  cells  showed  two  intercepts  with  the  real 
axis;  a  high  frequency  intercept  at  about  0.2  Q  that  was 
independent  of  cycle  number,  and  a  second  intercept  at 
lower  frequencies  that  increased  linearly  with  cycle  numbers 
from  0  to  800.  Examination  of  the  individual  electrodes  in 
the  charged  state  after  10  cycles  revealed  that  the  impedance 
of  cobalt  oxide  electrode  was  about  3  x  greater  than  that  of 
the  negative  electrode;  after  800  cycles,  the  impedance  of  the 
cobalt  oxide  electrode  as  about  5  x  greater  than  that  of  the 
negative  electrode. 
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Rakotondrainibe  et  al.  [13]  evaluated  several  commercial 
lithium-ion  cells  for  low-earth-orbit  (LEO)  satellite  applica¬ 
tions.  They  dissected  cells  from  Sony  (LiCo02/hard  carbon, 
18650S,  1.3  Ah),  Panasonic  (LiCo02/graphite,  CGR  17500, 
0.8  Ah),  and  Sanyo  (LiCo02/graphite,  18650,  1.35  Ah)  and 
found  that  the  weight  ratio  of  positive  coating  to  negative 
coating  was  2.66  for  the  Sony  cell,  2.19  for  the  Sanyo  cell, 
and  1.58  for  the  Panasonic  cell.  In  cycling  electrodes  from 
the  dissected  cells,  they  found  that  the  end  of  charge  (4.2  V) 
was  reached  in  the  Sony  cell  due  to  the  change  in  negative 
(hard  carbon)  potential,  whereas  the  Sanyo  and  Panasonic 
cells  relied  on  the  change  in  positive  (LiCo02)  potential;  on 
discharge,  the  capacity  for  all  the  cells  was  limited  by  the 
negative.  The  cells  were  cycled  using  a  1  C  rate  charge 
current  to  4.1  V,  then  an  0.7  C  discharge  to  40%  DOD.  The 
end  of  discharge  voltage  (EODV)  for  the  Sony  cell  decreased 
almost  linearly  with  cycle  number,  not  reaching  the  cut-off 
voltage  of  2.7  V  even  after  4000  cycles.  The  Panasonic  cell 
exhibited  a  fairly  constant  EODV  for  ~1500  cycles,  a  linear 
decline  to  ~2200  cycles,  and  then  a  rapid  decrease  to  the 
lower  voltage  limit  of  2.7  V  at  ~2400  cycles.  The  EODV  for 
the  Sanyo  cell  decreased  linearly  for  the  first  1000  cycles, 
then  a  greater  rate  for  the  next  few  hundred  cycles  before 
hitting  the  cut-off  voltage  at  ~1500  cycles. 

Fellner  et  al.  [14]  characterized  the  performance  of 
18650-size  cells  in  which  the  cathode  is  a  mixture  of  LiNi02 
and  LiCo02  and  the  anode  a  mixture  of  two  different 
carbons,  and  the  electrolyte  a  mixture  of  PC,  EC  and 
DMC  with  LiPF6.  They  found  the  capacity  decreased  lin¬ 
early  on  cycling  at  a  1  C  rate.  Similarly,  when  cycled  at  40% 
depth  of  discharge,  the  EODV  decreased  linearly  with  cycle 
number.  Further  they  found  the  cell  impedance  increased 
linearly  with  cycle  number  and  the  cell  impedance  increased 
at  a  slower  rate  for  cells  cycled  at  10  °C  versus  30  °C.  At 
cycle  number  420,  the  cell  impedance  (Z)  followed  an 
Arrhenius  relation  (InZ  oc  1  /T)  with  an  activation  energy 
of  63.5  kJ/mol. 

Xue  et  al.  [15]  found  that  capacity  fade  correlated  with 
cell  impedance  (measured  at  1  kHz)  for  LiJV[n204/graphite 
cells  with  a  gel  electrolyte. 

Inoue  et  al.  [16]  reported  calendar  life  and  cycling  results 
for  testing  of  100  Ah  LiCo02/Carbon  cells.  Their  calendar 
life  results  showed  an  initial  large  loss  in  capacity  over  the 
first  few  months,  then  the  capacity  loss  was  small  and  varied 
linearly  with  time.  The  calendar  life  data  were  used  to 
correct  the  cycle  life  results  (cycle  life  capacity 
loss  =  observed  cycling  capacity  loss  —  calendar  capacity 
loss)  and  the  resultant  curves  of  capacity  retention  versus 
cycle  number  were  found  to  overlap,  except  for  the  60  °C 
results.  Further,  the  corrected  cycling  capacity  loss  results 
were  found  to  correlate  linearly  with  cell  internal  resistance. 

Li  et  al.  [17,18]  examined  the  effects  of  various  charging 
strategies  on  commercial  lithium-ion  cells.  First,  using  Sanyo 
UF653467  cells,  they  examined  electrodes  taken  from  an 
uncycled  cell  and  another  cell  cycled  256  x  with  a  proprietary 
pulse  charging  method.  Based  on  impedance  studies  of  the 


cells,  and  XRD,  TEM  and  SEM  studies  of  the  individual 
electrodes,  the  authors  suggest  the  fade  is  due  to  structural 
damage  of  the  positive  (cracks  in  the  LiCo02  particles  and 
some  loss  of  interparticle  contact)  and  SEI  growth  on  the 
negative.  A  second  study  with  Sony  US18650S)  cells  com¬ 
pared  the  effect  of  cycling  using  a  constant  current/constant 
voltage  charging  protocol  to  a  proprietary  pulse  charging 
protocol.  Pulse  charging  reduced  charging  time  and  gave 
higher  capacity,  but  the  fade  rates  appear  similar  with  both 
charging  schemes. 

Wang  [19]  found  the  capacity  fade  of  LiCo02  positive 
active  materials  from  two  different  manufacturers  differed 
significantly,  and  argued  that  this  showed  capacity  fade  at 
the  positive  was  due  to  chemical  transformation  of  the 
material  rather  than  loss  of  electrical  contact  between  par¬ 
ticles  due  to  expansion/contraction  on  cycling. 

Kida  et  al.  [20]  compared  coke,  natural  graphite,  and 
coke/graphite  blends  with  a  LiCo02  positive  in  cycle  life 
tests.  Their  results  show  a  significant  reduction  in  capacity 
loss  using  a  coke/graphite  blend  over  either  material  alone. 
Other  authors  have  reported  large  improvements  in  cycle 
life  by  use  of  alternate  negative  electrode  materials  such  as 
Li4/3Ti5/304  [21].  These  results  clearly  implicate  the  nega¬ 
tive  electrode  as  a  major  source  of  capacity  fade  during 
cycling. 

Bloom  et  al.  [22]  reported  an  accelerated  calendar  and 
cycle  life  study  of  high-power  18650-size  cells  with  LiNi0.8- 
Co0  2O2/MCMB-6  chemistry.  The  found  the  following  equa¬ 
tion  was  able  to  fit  their  results  for  each  SOC 

Q  =  Aexp(-^jf  (2) 

where  Q  represents  %  increase  in  impedance  or  %  loss  in 
power,  t  (weeks)  time,  T  (K)  temperature,  and  A,  Ea,  and  z  are 
adjustable  parameters.  Adjustable  parameter  sets  (A,  Ea,  z ) 
were  determined  for  40,  60,  and  80%  SOC  for  the  calendar 
life  test  (40-70  °C).  For  the  cycle  test,  parameter  sets  were 
obtained  at  60  and  80%  initial  SOC  and  ASOC  of  3  and  6% 
(depth  of  cycling  from  initial  SOC).  For  the  calendar  life 
tests  and  for  the  3%  ASOC  cycling,  the  z  parameter  is  ~0.5 
indicating  a  diffusion  controlled  process;  at  6%  ASOC,  the  z 
parameter  is  much  lower  (~0.13)  suggesting  another 
mechanism  takes  place.  The  activation  energies  and  pre¬ 
exponential  factor  are  very  sensitive  to  SOC  and  ASOC, 
except  for  the  good  agreement  at  40  and  60%  SOC  in  the 
calendar  life  test.  These  results  show  that  the  impedance  of 
the  cells  increases  more  rapidly  with  increasing  SOC  and 
temperature  (calendar  test)  and  with  increasing  ASOC  and 
temperature  (cycle  test). 

Aurbach  et  al.  [23]  cycled  18650  cells  and  then  carried  out 
extensive  characterization  of  the  electrodes.  They  found 
evidence  the  LiCo02  positive  had  degraded.  However,  they 
attribute  capacity  fade  to  the  SEI  growth  at  the  positive  and 
negative  electrodes.  The  expansion/contraction  of  the  nega¬ 
tive  during  cycling  causes  damage  to  the  SEI  that  must  be 
repaired,  and  LiF  builds  up  at  the  positive. 
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The  following  summary  of  experimental  data  can  be 
made: 

(1)  Capacity  loss  on  storage  has  reversible  and  irreversible 
components. 

(2)  Capacity  loss  on  storage  or  cycling  increases  with 
increasing  temperature. 

(3)  Capacity  loss  on  storage  increases  with  increasing  cell 
voltage. 

(4)  Cycling  causes  capacity  loss  at  a  greater  rate  than 
storage. 

(5)  Capacity  loss  can  correlate  with  cell  impedance. 

It  is  tempting  to  also  conclude  that  capacity  loss  on 
storage  reaches  a  limiting  value  as  this  is  consistent  with 
all  the  results  reported.  However,  one  must  question  if 
calendar  life  data  were  available  over  a  period  of  years, 
would  the  capacity  curve  eventually  show  a  dip,  much  like 
the  curve  for  capacity  versus  cycle  number. 

Studies  of  the  behavior  of  individual  electrodes  provide  a 
more  fundamental  understanding  of  capacity  fade  [24],  but 
the  literature  is  too  vast  to  review  here  except  to  mention  a 
few  recent  studies. 

Positive  electrode  studies  have  shown  that  the  composi¬ 
tion  of  the  active  material  changes  near  the  surface  on 
cycling  [25],  that  an  SEI  layer  may  form  at  the  positive 
[23,26],  and  that  microstructure  of  the  positive  active  is 
damaged  on  cycling  [27],  especially  at  elevated  potentials 
and  temperature  [28], 

Reviews  on  the  SEI  growth  on  the  negative  are  available 
[29,30].  The  work  of  Zheng  et  al.  [31]  is  mentioned  here 
because  the  activation  energy  for  capacity  fade  of  carbon 
electrodes  they  report  (39.7  kJ/mol)  is  close  to  the  values 
reported  from  the  full  cell  studies  discussed  earlier. 

This  literature  review  suggests  that  there  are  at  least  two 
major  processes  relevant  to  capacity  fade:  loss  of  active 
lithium  at  the  negative  and  impedance  rise  at  the  positive  and 
negative  electrodes.  Some  recent  work  suggests  that  there 
may  be  interactions  between  the  electrodes. 

Wang  et  al.  [32]  suggested  that  acidic  impurities  gener¬ 
ated  at  the  positive  electrode  can  destroy  the  SEI  layer  at  the 
negative.  This  process  can  be  used  to  explain  reversible 
capacity  loss,  since  the  net  reaction  involves  passage  of 
current  but  could  involve  no  loss  of  lithium.  For  example, 
consider  some  soluble  species,  Si,  capable  of  generating 
protons  at  the  positive  and  solvent,  S,  capable  of  forming  SEI 
material,  LiS. 

Positive  :  Si  — >  H+  +  e  +  Sia 

Negative  :  S  +  Li+  +  e  — >  LiS 

SEI :  LiS  +  H+  ->  HS  +  Li+  '  "  ’ 

Net :  Si  +  S  -►  Sia  +  HS 

Alternatively,  Aurbach  et  al.  [23]  have  suggested  that 
lithiated  carbon  (perhaps  nanoparticles)  can  actually  migrate 
from  the  negative  to  the  positive  and  this  causes  a  reversible 
capacity  loss. 


4.  Accelerated  methods  for  determination 
of  capacity  fade 

Time  temperature  superposition  is  a  well-established 
method  for  accelerated  testing.  The  idea  is  that  if  a  higher 
temperature  accelerates,  but  does  not  alter,  degradation 
mechanisms,  then  the  test  time  can  be  reduced  by  testing 
at  higher  temperatures.  For  example,  if  a  15  °C  increase  in 
temperature  doubles  the  rate  of  degradation,  then  the  time  to 
test  the  battery  is  cut  in  half.  This  procedure  was  demon¬ 
strated  earlier  (see  Eq.  (1))  using  Toshiba’s  calendar  life 
data.  Unfortunately,  the  time  acceleration  effect  achievable 
by  time  temperature  superposition  is  bounded  by  the  upper 
limit  on  temperature  that  a  cell  can  be  subjected  to  without 
changing  the  degradation  mechanism.  The  literature  sug¬ 
gests  that  earlier  55  °C,  the  fade  mechanism  can  change. 
Broussely  et  al.  [33]  have  applied  time  temperature  super¬ 
position  for  extending  calendar  life  data.  Temperature  is  not 
the  only  acceleration  factor. 

Takei  et  al.  [34]  reported  a  study  using  Sony  18650-size 
cells  (1.25  Ah)  of  acceleration  factors  (charge  rate  (0.1- 
1  C),  discharge  rate  (0.1-1  C),  ratio  of  charge/discharge 
rates  (0.1-1),  depth  of  discharge  70-100%),  and  temperature 
(10-55  °C))  in  cycle  life  testing.  They  found  that  tempera¬ 
ture  was  the  most  significant  factor  (reduced  test  time  by 
>8x),  followed  by  charge  rate  (reduced  test  time  by  >4x), 
ratio  of  charge  to  discharge  rates  and  discharge  rate  (~3  x ), 
and  depth  of  discharge  (~2x).  From  their  test  results,  they 
determined  that  linear  extrapolation  of  capacity  versus  cycle 
number  gave  at  worst  ~40%  error. 

Majima  et  al.  [21],  using  charge  and  discharge  current  as 
the  acceleration  factor,  developed  the  following  test  for 
estimating  cycle  life.  The  test  involves  cycling  several 
batteries  at  different  currents.  Each  battery  is  charged  at 
a  constant  current  for  a  fixed  time  and  then  discharged  to  a 
lower  voltage  limit  at  the  same  current.  Plots  of  the  end  of 
charge  voltage  (EOCV)  versus  cycle  number  are  linear,  and 
can  be  extrapolated  to  4.0  V  to  determine  the  number  of 
cycles  to  end  of  life  (/Veol)-  A  plot  of  the  log(AEOL)  versus 
current  gives  a  straight  line.  For  example,  with  a  LiCo02/ 
Li4/3Ti5/304  coin  cell,  they  found  that  at  current  densities 
above  1.2  mA/cm2  the  EOCV  was  reached  at  1000  cycles 
or  less.  VEOl  values  extrapolated  from  lower  current 
densities  (such  as  0.2  mA/cm2)  were  consistent  with  the 
Aeol  values  measured  at  high  current  densities,  in  that  a 
plot  of  log(AEOL)  versus  current  density  was  linear.  This 
procedure  indicates  the  cell  could  deliver  >20,000  cycles 
when  cycled  at  the  target  current  density  of  0.2  mAh/cm2, 
even  though  only  1000  cycles  were  actually  measured  at 
0.2  mA/cm2. 


5.  Models  for  capacity  fade 

Some  purely  empirical  approaches  to  predicting  capacity 
fade  were  described  earlier  [16,22],  Other  authors  have 
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presented  models  to  interpret  capacity  fade  in  terms  of  the  the  positive)  react  at  some  rate  Rb  (%/day)  with  the  SEI  as 
physical  processes  taking  place  in  the  cell.  follows: 


5.1.  Irreversible  capacity  loss  due  to  SEI  growth 


Broussely  et  al.  [33]  posit  that  capacity  fade  is  due  to 
reaction  of  lithiated  carbon  to  form  SEI  and  develop  a 
quadratic  equation  relating  capacity  fade  to  time.  A  slight 
modification  of  that  derivation,  allows  accounting  for  rever¬ 
sible  capacity  loss.  Consider  the  reaction 

LiCg  +  Sc  — >  LiSc  +  Cf,  (4) 


where  LiSc  represents  lithiated  SEI  material.  Then,  a  rate 
expression  for  SEI  formation  gives 

R  _  d/VSBI  =  k  =  ],  aK  _  A,0  ,5-. 

f  d  t  Z  Lo+NsEib  1  +Nsm(3/Lo) 


where  Asei  (%)  is  the  moles  of  lithiated  SEI  material 
divided  by  the  moles  of  lithium  in  the  negative,  t  (day) 
time,  A  (1/day)  the  rate  of  SEI  formation  (the  subscript  ‘0’ 
designates  the  initial  rate  at  Asei  =  0),  k  (Q/day)  a  rate 
constant,  Z  (  fl)  the  electronic  resistance  of  the  SEI,  a  (cm2) 
the  area  of  the  negative,  k  (1/(Q  cm))  the  specific  con¬ 
ductivity,  L0  (cm)  the  initial  thickness  of  the  SEI,  and  d 
(cm)  a  constant  proportional  to  the  molar  volume  of  the  SEI 
material.  Integrating  with  the  condition  Asei  =  0  at  t  =  0, 
gives 


(6a) 


or 


Li2S  +  H+  ^  Li+  +  LiHS  (7) 

Here,  in  contrast  to  Eq.  (3),  the  SEI  material  is  taken  as 
involving  two  lithium  ions,  one  of  which  can  be  liberated  by 
acid.  Invoking  the  assumptions  the  thickness,  volume,  and 
resistivity  of  the  SEI  are  unaffected  by  liberation  of  lithium, 
the  following  rate  expression  can  be  written 

tfiVsEi,2  _ _ Ao _ dAsEi.i 

df  1  +  (Asei,i  +  Asei,2)(^/Co)  d  t 
where  ASei,i  represents  LiHS.  This  equation  can  be  readily 
solved  for  Asei, 2  +  Asei.i,  the  solution  has  the  same  form  as 
(6)  and  Asei.i  =  Al-  The  irreversible  capacity  loss  (mea¬ 
sured  using  a  potentiostatic  calendar  life  test)  is  given  by 
Ain-  =  2Asei,2  +  Asei.i  whereas  the  total  capacity  loss  (mea¬ 
sured  using  a  cell  at  open-circuit  during  a  calendar  life  test) 
is  given  by  Aioss  =  2Asei,2  +  2Asei,i-  The  effect  of  allowing 
lithium  recovery  from  the  SEI  by  acid  is  to  reduce  the 
irreversible  capacity  loss  at  the  negative  and  introduce  a 
reversible  capacity  loss. 

5.3.  Irreversible  and  irreversible  capacity  loss  due 
to  SEI  growth  and  dissolution 

Spotnitz  [35]  considered  the  effect  of  the  reduction  of  the 
thickness  of  the  SEI  by  acid  attack.  A  simplified  analysis  is 
given  here.  Consider  an  SEI  formation  reaction  expressed 
by  Eq.  (3).  The  mass  balance  for  lithiated  SEI  material 
becomes 


Asm  =  'D  (V'  +  2DR(flt  -  1)  (6b) 

where  D  =  5/Lq.  Eq.  (6a)  is  able  to  give  a  reasonable  fit  (R2 
~0. 86-0.93)  to  experimental  data  reported  by  Broussely 
et  al.  [33],  The  temperature  dependence  of  the  coefficients 
follows  an  Arrhenius  law  with  an  activation  energy  for  the 
coefficient  of  the  AgEI  square  term  of  ~39  and  37  kJ/mol  for 
the  linear  term  in  ASEi.  Interestingly,  these  values  are  close  to 
the  value  of  40.5  kJ/mol  obtained  from  linear  analysis  of  the 
Toshiba  data  discussed  above.  Finally,  Eq.  (5)  indicates  that 
the  resistance  of  the  SEI,  Z,  is  proportional  to  the  amount  of 
lithiated  SEI  material  and  so  can  be  expected  to  increase 
with  the  square  root  of  time. 


The  total  loss  of  lithium  from  the  negative  (A|OSS),  the 
irreversible  loss  (Airrs),  and  the  reversible  loss  (Arev)  are 
given  by 

Aioss  =  jRfdt  =  Nus  +  Rbt,  An-  =  Aus  +  (1  -f)Rbt; 
Arev  =fRbt  (10) 

where  /  represents  the  fraction  of  SEI  dissolution  reaction 
that  liberates  lithium. 

Integrating  Eq.  (9)  gives  a  relation  for  the  amount  of  SEI 
(expressed  in  terms  of  percent  of  negative  capacity) 


5.2.  Irreversible  and  reversible  capacity  loss  due  .  _  — A.o ,  ( .  Aus  \  Aus 

to  SEI  growth  R\D  \  Aus.st/  Rb 


(11) 


In  this  section  an  expression  is  developed  for  capacity 
loss,  based  on  the  assumption  that  the  thickness,  volume 
and  resistivity  of  the  SEI  remains  constant,  while  lithium  is 
liberated  by,  perhaps,  acidic  impurities.  This  liberation  of 
lithium  introduces  a  mechanism  for  reversible  capacity 
loss.  To  account  for  reversible  capacity  loss,  assume  that 
acidic  impurities  (perhaps  electrochemically  generated  at 


where  Aus.st  =  (An  —  Rb)/RbD.  From  Eqs.  (10)  and  (11), 
the  following  relation  for  the  total  capacity  loss  derives 


AAWD\1  Aioss 

A, 0  )\  A 


(12) 


The  rate  of  the  SEI  dissolution  should  be  small  relative  to 
the  initial  rate  of  the  SEI  formation  reaction,  so  the  above 
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equation  can  be  simplified  by  expanding  the  exponential 
term  as  a  quadratic  equation  and  solving  for  Nioss 

w'“  =  (^%)5(v'1  +  2(fi«-«D'-1)  <13> 

Note  that  as  Ru  — >  0,  Eq.  (13)  reduces  to  Eq.  (6b)  (the  case 
of  no  SEI  dissolution  reaction). 

In  this  case,  SEI  dissolution  accelerates  the  rate  of  new 
SEI  formation.  If  no  lithium  is  liberated  by  SEI  dissolution 
(f  =  0)  then  Moss  =  Mir,  and  Fig.  4  shows  the  effect  of  the 


back  reaction  on  capacity  loss.  If  a  fraction  of  the  capacity 
loss  can  be  recovered  (f  >  0),  then  the  irreversible  capacity 
loss  can  be  significantly  reduced  (see  Fig.  5). 

The  hypothesis  of  acid  attack  of  the  SEI  allows  reversible 
capacity  loss  to  be  introduced,  and  provides  considerable 
flexibility  in  fitting  capacity  loss  versus  time  curves  (see 
Figs.  4  and  5).  Unfortunately,  the  resultant  equations  are 
difficult  to  use  in  conjunction  with  time  temperature  super¬ 
position.  In  addition,  for  the  cases  shown,  the  differences  in 
capacity  loss  for  times  <100  days  are  relatively  small,  so  life 


Fig.  5.  Effect  of  Li+  ion  recovery  from  SEI  on  irreversible  capacity  loss. 
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testing  must  be  carried  out  for  extended  periods  to  resolve 
the  parameters. 


6.  Numerical  simulation  of  capacity  fade 


Numerical  simulation  must  be  used  in  order  to  account  for 
factors  such  as  the  equilibrium  voltage  curves  of  actual 
materials,  liquid  and  solid-phase  transport,  reaction  kinetics, 
and  porous  electrodes  in  prediction  of  discharge  curves.  The 
model  developed  by  Newman’s  group  [36]  has  proven  capable 
of  reproducing  the  current/voltage/temperature  behavior  of 
small  lithium-ion  cells.  This  model  was  modified  by  including 
an  expression  for  SEI  growth  at  the  negative,  and  then  the 
model  was  used  to  predict  the  effect  of  capacity  loss  at  the 
negative  on  the  cycling  behavior  of  a  LiCo02/graphite  cell. 

Inclusion  of  an  SEI  formation  allows  voltage/capacity 
curves  such  as  Fig.  2  to  be  qualitatively  reproduced.  However, 
there  is  no  effect  of  cycling;  cycles  taken  before  and  after  a 
calendar  life  test  run  at  a  time  equivalent  to  the  cycle  life  test 
gives  very  similar  results;  see  Fig.  6.  Under  the  conditions 
selected,  the  concentration  and  potential  gradients  that  form 
during  cycling  are  insufficient  to  enhance  the  rate  of  SEI 
growth.  To  rationalize  the  experimental  observation  that 
capacity  fade  depends  on  charge  and  discharge  rates,  it  is 
suggested  to  take  the  rate  of  SEI  growth  (RSEI)  as  proportional 
to  the  rate  of  change  of  surface  concentration,  that  is 


(14) 

where  k\  and  k2  the  are  rate  constants,  Lsm  the  thickness  of 
the  SEI  and  cs  the  concentration  of  intercalated  lithium  at  the 
surface  of  the  particle.  The  basis  for  this  assumption  is  that 
the  capacity  loss  is  due  to  disruption  of  the  SEI  from 
expansion/contraction  of  the  active  materials,  and  the  rate 
of  expansion/contraction  is  proportional  to  the  local  rate  of 
expansion  of  the  intercalation  material. 


7.  Summary/conclusions 

A  number  of  studies  have  described  the  capacity  fade 
behavior  of  lithium-ion  cells  after  storage,  and  after  cycling 


over  a  range  of  temperatures.  The  results  indicate  that 
capacity  fade  results  from  at  least  two  major  processes: 
capacity  loss  due  to  loss  of  active  lithium  at  the  negative  and 
impedance  growth  at  the  positive  and  negative.  There  may 
be  an  interaction  between  the  positive  and  negative,  as  acidic 
species  generated  at  the  positive  can  attack  the  SEI  at  the 
negative.  There  is  a  consensus  that  limiting  the  top  of  charge 
voltage,  significantly  reduces  capacity  fade.  If  the  top  of 
charge  voltage  is  limited  to  below  4.0  V,  simple  models  for 
predicting  the  calendar  life  of  lithium-ion  batteries  look  very 
promising  [16,33],  On  the  other  hand,  more  work  is  needed 
to  better  understand  the  impedance  rise  at  the  positive. 
Simulations  to  predict  capacity  fade  on  cycling  suggest  that 
the  concentration  and  potential  gradients  setup  in  the  porous 
electrodes  are  insufficient  to  accelerate  fade  due  to  SEI 
growth.  Rather,  it  is  suggested  that  the  rate  of  SEI  growth 
be  equated  to  the  rate  of  change  of  lithium  concentration  at 
the  surface  to  account  for  SEI  damage  by  expansion/con¬ 
traction  of  the  active  materials. 
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